Poor balance is a risk factor for falls and fracture in older adults, but little is known about modifiable factors affecting balance in younger women. This study aimed to examine whether lower limb muscle strength (LMS) in young women and changes in LMS are independent predictors of balance in middle-age.
Introduction
Falls are a major health issue among older adults, with about one in three communitydwelling people aged over 65 years falling each year (1, 2) . Studies have identified many risk factors for falls in older adults (3, 4) , including intrinsic (e.g., age, gender, cognition, gait and balance, strength, cognition and various diseases) and environmental (e.g., poor lighting, loose rugs and footwear) factors. Of those intrinsic factors, poor gait and balance and muscle weakness are the common modifiable risk factors, with an average of 17% (range 4-39% from 12 studies) of falls in people older than 65 years accounted for by gait/balance disorders or weakness (5) . Balance deteriorates with aging and age-related loss of muscle strength is considered an important contributor to decreased balance in older people (6, 7) . A significant decline in balance occurs as early as 45 to 55 years old (8) , making it important to understand the role of muscle strength in maintaining balance in midlife in order to refine preventative interventions and public health campaigns. However, the association between muscle strength and balance has been examined in only a few cross-sectional studies in young (9) and middle-aged (10) (11) (12) people, with conflicting findings being reported probably due to the small sample size in most studies (n < 32). The exception is a study in 1346 middleaged women reporting that cross-sectionally, greater grip strength was associated with better chair rise performance and the ability to balance on one leg with eyes open for 5 seconds (12) .
However, a lack of longitudinal studies in younger people means that the longitudinal relationship between muscle strength and balance remains unclear in this population. It is therefore not known whether developing early interventions aiming to achieve a greater reserve of muscle strength in younger age and to maintain muscle strength over time could be a promising strategy to improve balance in midlife and prevent falls in later life.
Therefore, the aim of this study was to examine whether lower limb muscle strength (LMS) in younger women and changes in LMS over12 years were independently associated with balance in the same women when middle-aged.
Materials and Methods

Participants
This was an additional 10-year follow-up of a 2-year osteoporosis education randomized controlled trial conducted in 2000 in Southern Tasmania, Australia, with details reported previously (13) . Briefly, women aged 25-44 years were randomly selected from the 2000
Tasmanian Electoral Roll. Women were recruited if they were free of the following conditions: previous measurement of bone density, thyroid disease, renal failure, malignancy, or rheumatoid arthritis, a history of hysterectomy or hormone replacement therapies, pregnancy or planning pregnancy within 2 years of study entry, or lactating. At baseline, 470
women were randomly assigned to one of two osteoporosis educational interventions: group education using the Osteoporosis Prevention and Self-management course or an information leaflet. Bone mineral density was measured at the spine and hip at baseline and mean spine and hip T-score used to provide feedback of relative fracture risk as part of the education intervention (higher risk (mean T-score < 0) vs. normal risk (mean T-score ≥ 0)). Ethics
approval was obtained from the Tasmania Health and Medical Human Research Ethics
Committee and all participants gave written informed consent.
Outcomes
Balance was measured at 12 years by four commonly used clinical tests: the timed up and go test (TUG), the step test (ST), the functional reach test (FRT) and the lateral reach test (LRT).
These assess balance performance from either a static or dynamic aspect, and are able to differentiate between fallers and non-fallers in older adults (8) . All have been validated in older women and have a high reliability, with normative values determined in women of the age in our study (8, 14, 15) .
The TUG (16) is a test of dynamic steady-state balance and gait. Participants sat in an armchair (45 cm high) with their back against the chair, and then stood without using the arms, walked 3 m, turned, walked back, and sat down. The average time of two trials was used for analysis.
The ST (17) measures speed of performing a dynamic stepping task. Participants stood 5 cm from an 8.5-cm-high block positioned against a wall and placed the whole foot of one leg onto the block and returned it to the floor repeatedly as fast as possible for 15 seconds. The number of steps was recorded for both sides and the mean number of steps for each side was used in the analyses.
The FRT measures ability to reach forward with each arm from a bilateral stance position (14) .
Participants stood with feet a comfortable distance apart behind a line perpendicular and adjacent to a wall. The arm closest to the wall was raised to shoulder height and the position of the knuckle of the middle finger measured (14) . Participants leaned forward as far as possible and the position of the knuckle was recorded at the point of furthest reach. The mean of the three trials on each side was used in the analyses.
The LRT measures ability to reach to the side in bilateral stance (15) . Participants stood with their backs near but not touching a wall with the heels 10 cm apart. Participants raised both arms to shoulder height while the position of the third finger's tip on the side being measured was marked on the wall. Participants then lowered the arm not being measured and reached sideways as far as possible with the arm being measured. The position of furthest reach was marked and the difference between the two marks calculated. The mean of the three trials on each side was used in the analyses.
Exposures
Lower limb muscle strength (LMS) was measured to the nearest kilogram using a dynamometer (TTM Muscular Meter, Tokyo, Japan) at baseline and 12 years (18) . This test examines isometric strength, predominantly of the quadriceps and hip extensors. The examiner demonstrated the correct technique to the participant before testing. Participants stood on the back of the dynamometer platform, with back straight against a wall and knees flexed to an angle of 115°.
They participant held a bar, connected to the dynamometer by a chain, and lifted the bar upwards using maximum force using both legs, with the back and neck straight. The mean of two readings was used in the analyses. 12-year change was calculated by subtracting baseline LMS from 12-year LMS.
Other measurements
Factors measured at baseline and 12 years included anthropometric factors: height measured by a stadiometer (The Leicester height measure, Invicta Plastics Ltd, Oadby, England), weight by a single set of calibrated scales (Heine, Dover NH USA) and body mass index (BMI) calculated (weight/height (kg/m 2 )). A standardised questionnaire was used to collect smoking history (current/former/never), breastfeeding history, number of children, family history of osteoporosis and/or fracture, and previous fractures, current use of oral contraceptive pill (yes/no), education level, employment status, and marital status. Dietary Calcium intake was assessed by a short food frequency questionnaire (FFQ), which has been validated against 4 day weighed records and correlates well for estimated calcium intake (19) . The calcium content of food categories was determined by Australian food composition tables (20) . Physical activity was measured using a validated questionnaire (28) , which was modified for Tasmanian conditions and used previously in women of this age. This questionnaire assessed strenuous and light physical activity levels by asking participants how many days in the last 2 weeks they reported performing at least 20 minutes of strenuous exercise and light exercise, represented by five categories (1 = 0 days, 2 = 1-2 days, 3 = 3-5 days, 4 = 6-8 days, 5 = 9 or more days).
At 12 years, prescription medication use was assessed by asking participants to report all medication, prescribed by a doctor that they had taken in the last 2 weeks. Participants were also asked to recall if they had regularly used calcium and vitamin D supplements during the last year, where regular use means taking supplements at least 5 times per week for more than 9 months of the year.
Statistical analyses
Participants' characteristics were presented using mean (standard deviation) or number (%)
as appropriate. Univariable and multivariable linear regression were used to separately evaluate associations of baseline and 12-yr change in LMS with balance tests, then baseline and change in LMS were combined in the same model to assess whether these associations were independent of each other. We also calculated the adjusted mean values (standard error) of each balance measure for the lowest and highest quartiles of baseline and change in LMS and the difference in the mean values (95% confidence interval) between the lowest and highest quartiles. We assessed potential confounders using three steps:
Step 1: we fitted univariable regression models for each balance outcome and potential confounders (educational level, marital status, employment status, current smoking status and calcium intake at baseline and employment status, menopausal status and calcium intake at 12 years), and retained only those with p<0.20.
Step 2: we fitted multivariable models including: the exposure of interest; age, weight and height at baseline as compulsory covariates; and the additional confounders identified in step 1.
Step 3: additional confounders were retained in the model only if their inclusion changed the estimated coefficient of the exposure of interest by more than 10%.
Scatterplots with regression line were created using adjusted data. Adjusted values for each balance test were calculated by regressing each measured balance test on its confounding factors (except for baseline or 12-yr change in LMS), and then adding the residuals to the mean of each measured balance test. Adjusted baseline and 12-yr change in LMS was calculated by the same approach.
To account for missing follow-up data, we repeated the linear regression analyses using propensity weighting. We used a weighted estimating equation method (21, 22) , in which data were assumed to be missing at random. Logistic regression models were used to estimate the probability of response using baseline characteristics from the original study (i.e., age, education level, current smoking status and marital status), for which complete data were available.
All analyses were performed in Stata version 12 (Stata Corporation, Texas, USA). A twotailed p value <0.05 was considered statistically significant.
Results
In the original study, a total of 470 women (64% response rate) aged 25-44 years were recruited at baseline (three women withdrew before bone density was measured). The followup period ranged from 8.8 to 12.4 years (mean =11.6 years). At 12 years, 347 (74%) were retained and 342 with full data for LMS at baseline and 12 years were analysed in the present study. The differences in baseline characteristics of participants who did and did not complete the follow-up have been previously reported (23) . Briefly, women lost to follow-up were younger, had lower levels of education, and were more likely to be current or past smokers, and less likely to be married or in a de facto relationship compared to those who were retained (p<0.05 for all). There were no differences in other anthropometric and demographic factors.
Characteristics of study participants are given in Table 1 . The mean age of study participants In propensity-weighted analyses, the fully adjusted association (Model 3) between 12-yr change in LMS and step test became statistically significant (0.023 steps/kg: 0.009, 0.037) while other associations remained similar (Supplemental Table 1 ). Table 3 gives the mean baseline LMS and change in LMS for the lowest and highest quartiles of these variables respectively, together with the adjusted mean balance measures and their absolute and relative differences between highest and lowest quartiles of baseline and change in LMS. There were large differences in LMS between these quartiles (64. kg for baseline and 56.9 kg for change). The effect sizes for TUG (3.8% and 2.5%), ST (6.1%
for baseline LMS only), FRT (3.5% and 4.1%) and LRT (4.1% and 2.6%) for per standard deviation increase in baseline and change in LMS, respectively are much larger than annualized decline of 0.3% and 1.6% for balance (the standard Romberg test) and 0.19% and 0.25% for gait velocity observed in women aged 50 and 60 years at baseline, respectively (24) .
The relative differences in balance measures between quartiles of baseline and change in LMS are even more marked, ranging from 4.5 to 11.3% across the different balance measures. Furthermore, the effects of exercise programs on LMS can be substantial. For example, in the elderly, a meta-analysis gave a pooled estimate of the effect of progressive resistance training on leg extensor strength demonstrating a strong effect (SMD 0.68, 95%CI:
0.52 to 0.84) (25) , so it is feasible that LMS could be improved to a level that can have a clinically important effect on balance in middle-aged women.
These data support the need for further research to underpin the potential development of approaches to clinical screening of LMS and the monitoring of its decline in healthy younger women. However, before actually recommending such activities in clinical practice, a stronger evidence base that (1) links balance in younger adults to falls in the elderly; (2) determines the effectiveness of interventions to improve balance in younger adults; and (3) demonstrates the feasibility and cost-effectiveness of such screening would be needed.
Although it has long been shown that muscle strength is important for physical functions such as balance, mobility and disability, longitudinal data has been mainly reported in older populations (26) (27) (28) , with only one in middle-aged men (29) . The finding that both baseline and change in muscle strength are independent predictors of balance in middle age suggests that greater reserve of muscle strength in younger women and the prevention of muscle loss may both be clinically important for achieving better balance in midlife. This is analogous to the confirmation of the importance of the contributions of peak bone mass and bone loss to fracture risk (30) , the first reports of which in the 1990's (31, 32) resulted in a paradigm shift in the approach to osteoporosis prevention towards a greater emphasis on optimising bone acquisition during growth, and maintaining BMD in middle age rather than focussing solely on slowing bone loss in the elderly (33) . Modelling of lumbar spine BMD suggests that a 10% improvement in peak bone mass could delay the onset of osteoporosis by 13 years, compared to a 10% increase in the age of menopause (triggering menopausal bone loss) causing a delay of only 2 years (34) . Similarly, optimisation of adult LMS could potentially prevent falls and related injuries in old age (35) , though direct evidence for the relationship between midlife balance and falls risk in older age is currently lacking. Nonetheless, as for bone, our data suggest that further investigation of the potential improvements in balance from optimising LMS is warranted.
There are effective interventions of improving muscle strength, of which, resistance training has been shown to be effective throughout lifetime (36) (37) (38) (39) (40) . However, the effectiveness of exercise training for improving balance have to date been rarely examined in younger healthy individuals. We are aware of only one pre-post intervention study showed that both LMS and balance could be significantly improved by strength training in middle-aged women (11) .
Therefore, more studies of high quality, such RCTs, are needed to confirm the effectiveness of exercise training for improving balance in younger people.
This study has several potential limitations. The balance tests used have not been validated in women of the age studied, mainly because there is no gold standard for balance test in this age group. While we are not aware of data assessing the predictive value in exclusively middle-aged people, balance tests including the TUG and bipedal stance on foam eyes closed, predicted multiple falls in women over 40 years old, 51% of whom were in the age range 40-60 years i.e. not dissimilar to our study population (41) . This together with the clear association between all the measures we used and age across the entire age range of 20 -80 years in a large population based study (8) , support the use of these measures in our study as does is the substantial evidence supporting this link in older people (as outlined above). Nonetheless, longitudinal studies specifically in younger adults are still needed to directly confirm the importance of improving balance in younger people to reducing falls risk in later life.
However, by its nature, these longitudinal data over decades of follow up are going to be the most challenging and expensive data to obtain. In our view, our data provide important bridging evidence to support undertaking such a study. Although isometric muscle strength is easier to measure and apply in clinic and community settings, isotonic muscle strength has been considered a better predictor of falls in older people (42) . However, whether this also applies to younger people is unknown, but studies have shown inconsistent capacity of muscle power and strength in predicting balance in younger adults (43) . Therefore, future studies in this age group should consider the difference between isometric and isotonic muscle strength in the capacity of predicting falls risk. As discussed in our previous study, the 64% response rate at recruitment may have led to selection bias (44) . However, while the smoking prevalence at baseline in study participants (17%) was lower than the Tasmanian prevalence of daily smoking (29%) in women aged 25 to 44 years in 1998, the distribution of socioeconomic factors like educational levels and the unemployment rate in our study approximate the overall population figures. Another potential limitation is missing data due to drop-out with women lost to follow-up being younger, less educated, more likely to be former or current smokers, and less likely to be married or in a de facto relationship (23) .
However, sensitivity analyses were performed to take into account missing data by using inverse probability weighting and the results were similar. Therefore, the study findings are likely to be generalisable to healthy Caucasian women in this age range. Baseline balance was not measured in our study, so we could not examine the effects of LMS on change in balance. However, it seems likely that balance measurements at 12 years would be a better predictor of falls risk at 12 years than balance 12 years earlier.
In conclusion, this study suggests that both a greater reserve of muscle strength among younger women and slower decline with ageing have independent roles in maintaining healthier balance in middle age. Moreover, baseline and longitudinal changes in LMS may help early assessment of the risk of decreased balance in middle age related to insufficient muscle strength, for whom interventions of improving muscle strength, such as physical exercise and nutritional interventions, may be needed. Randomized controlled trials are required to examine the impact of increased LMS in younger women on balance in midlife. Table 2 . Higher values of timed up and go test represent poorer performance whereas higher values of all other tests represent better performance.
